Type II (lepromatous) granulomas are characterized by a lack of organization, with large numbers of macrophages heavily burdened with bacilli and disorganized lymphocyte infiltrations. Type II granulomas are a characteristic feature of the enteric lesions that develop during clinical Mycobacterium avium subsp. paratuberculosis infection in the bovine. Considering the poor organization and function of these granulomas, it is our hypothesis that dendritic cell (DC) function within the granuloma is impaired during initial infection. In order to test our hypothesis, we used a subcutaneous M. avium subsp. paratuberculosis infection model to examine early DC function within M. avium subsp. paratuberculosis-induced granulomas. In this model, we first characterized the morphology, cellular composition, and cytokine profiles of subcutaneous granulomas that develop 7 days after subcutaneous inoculation with either vaccine or live M. avium subsp. paratuberculosis. Second, we isolated CD11c ؉ cells from within granulomas and measured their maturation status and ability to induce T-cell responses. Our results demonstrate that M. avium subsp. paratuberculosis or vaccine administration resulted in the formation of distinct granulomas with unique cellular and cytokine profiles. These distinct profiles corresponded to significant differences in the phenotypes and functional responses of DCs from within the granulomas. Specifically, the DCs from the M. avium subsp. paratuberculosis-induced granulomas had lower levels of expression of costimulatory and chemokine receptors, suggesting limited maturation. This DC phenotype was associated with weaker induction of T-cell proliferation. Taken together, these findings suggest that M. avium subsp. paratuberculosis infection in vivo influences DC function, which may shape the developing granuloma and initial local protection.
Granulomatous inflammation is the defining lesion of mycobacterial infections (45) . The organization and the cellular constituents of the developing granulomas vary with the type of mycobacterial pathogen and the status of the host immune response (1, 12) . Broadly, granulomatous lesions can be categorized within two polar forms, both of which include infiltrations of macrophages and lymphocytes. Type I (tuberculoid) granulomas are organized nodular lesions with epithelioid and multinucleated giant cells in the lesion center surrounded by a rim of fibrous connective tissue. Aggregates of lymphocytes are often present around granuloma vasculature and along the granuloma periphery. The core of the type I granuloma may be necrotic, with mineralization. The pathogen burden of the type I granuloma is often low. The type II (lepromatous) granuloma is characterized by a lack of organization, with very large numbers of macrophages heavily burdened with bacilli intermixed with disorganized lymphocyte infiltrations. Overall, there is significant variation in granuloma morphology, with many granulomas having morphology intermediate between types I and II. The morphology of granulomas is important because type I granulomas can be associated with control of pathogen replication, while type II granulomas are associated with ex-tensive pathogen proliferation and disease progression (12, 22) . It is now known that granuloma morphology is influenced by the balance between Th1 and Th2 responses and that cytokines associated with Th1 responses drive type I granuloma development (40, 50) .
The recruitment of progressive waves of immune cells to an infection site is driven by a complex array of cytokines and chemokines produced by multiple cell types, including macrophages and dendritic cells (DC). Tumor necrosis factor alpha (TNF-␣) is an extensively studied cytokine in granuloma formation and appears to be a critical cytokine in the maintenance of granuloma structure (3, 15, 26, 43) . Macrophages and DC are important sources of TNF-␣ (46, 49) . TNF-␣ acts as a positive feedback signal for infected DC and macrophages to secrete more TNF-␣, as well as chemokines, including CCL2 and CXCL10, and cytokines, including interleukin-1 (IL-1) and IL-18. These proinflammatory mediators drive the recruitment of CD4 ϩ T cells, CD8 ϩ T cells, monocytes, neutrophils, and natural killer (NK) cells (2) . Recruited immune cells further elicit cytokines and chemokines that amplify the cascade of cell infiltration to the infection site and drive granuloma formation (14, 52) . Thus, TNF-␣ coordinates the cascade of cellular infiltrates and inflammatory mediators in the developing granuloma. Interestingly, the regulation of this cascade requires a proinflammatory cytokine, gamma interferon (IFN-␥), for negative feedback. Mice with disrupted IFN-␥ gene expression were unable to regulate this response and developed disseminated tuberculosis with marked tissue damage from excessive granuloma formation (8) . In addition, tuberculosis reactivation has been a complication of anti-TNF therapy (infliximab and adalimumab) in patients with rheumatoid arthritis, Crohn's disease, and psoriasis (11, 18, 26, 39) . Taken together, these observations confirm the essential role of TNF-␣ in maintaining granuloma function during Mycobacterium tuberculosis infection.
It has recently been reported that DC are present in granulomatous lesions (6, 19, 51) . Foamy cells within lung granulomas of mice infected with M. tuberculosis expressed the characteristic DC markers CD205, major histocompatibility complex class II (MHC-II), CD11c, and CD40 at high levels (35) . In a rat model, DC accumulated along the periphery of the Mycobacterium bovis BCG-induced pulmonary granulomas, where they expressed high levels of MHC-II, CD80, and CD86 and had potent capacity to induce purified protein derivative (PPD)-specific T-lymphocyte proliferation (51) . It has recently been reported that collections of antigen-presenting cells are within close proximity to proliferating lymphocytes in pulmonary granulomas of tuberculosis patients. The results of the study suggested that the interaction of antigenpresenting cells, including DC, with local lymphoid cells is a local regulator of granuloma function (49) . Taken together, the results of these studies suggest that DC play a role in the formation and organization of granulomas.
Type II granulomas are a characteristic feature of the enteric lesions that develop during clinical Mycobacterium avium subsp. paratuberculosis infection in the bovine. In the natural infection, these granulomas can expand throughout the intestinal wall, with eventual loss of mucosal function, and yield very high intracellular bacterial loads. Considering the poor organization and function of these granulomas, it is our hypothesis that DC function is impaired early during M. avium subsp. paratuberculosis-induced granuloma development. In order to test our hypothesis, we used a subcutaneous M. avium subsp. paratuberculosis infection model developed by Simutis et al., with modifications (47) . This model is beneficial because it was designed for measurement of the early stages of granuloma development after infection with M. avium subsp. paratuberculosis, including antigen-presenting-cell function at the initial infection site. Using this model, it is possible to induce differential granulomas, with the M. avium subsp. paratuberculosis vaccine (Mycopar) inducing an organized type I granuloma and live M. avium subsp. paratuberculosis a granuloma with type II features by 30 days postinoculation (24, 47) . In this study, we first characterized the morphology, cellular composition, and cytokine profiles of subcutaneous granulomas that developed 7 days after exposure to vaccine or live M. avium subsp. paratuberculosis. Second, we isolated CD11c ϩ cells from within granulomas and measured their maturation status and ability to induce T-cell responses. Our results demonstrate that live M. avium subsp. paratuberculosis cells induce the formation of a disorganized granulomatous lesion at subcutaneous inoculation sites early after infection. The M. avium subsp. paratuberculosis granulomas have cellular composition and cytokine profiles that are distinct from those of the vaccine granulomas. We also provide evidence that there is limited maturation and function of DC within the M. avium subsp. paratuberculosis granulomas. This suggests that DC may play a role in the pathogenesis of M. avium subsp. paratuberculosis infection by having a limited ability to contribute to the early protective response at the infection site.
MATERIALS AND METHODS

Animals.
Four-to 6-week-old Holstein calves were used in the following experiments and were housed in isolation in the Iowa State University College of Veterinary Medicine biosafety level II animal care facility during the study. A total of six animals were used for this project, and three at a time for handling purposes. These animals were maintained free of infection other than the inoculum given in the study. All live-animal-related protocols were approved by the Committee on Animal Care and Use at Iowa State University.
Bacterial inoculum and infection. The M. avium subsp. paratuberculosis 19698 strain was obtained from the American Type Culture Collection (Manassas, VA) and maintained in Middlebrook 7H9 broth supplemented with mycobactin J. Log-phase-growing live M. avium subsp. paratuberculosis cells were washed and resuspended in sterile saline for use in in vivo infection. The concentration of bacteria was determined by measuring absorbance at 540 nm and comparing the absorbance optical density value against the standard curve as described previously (5) . The M. avium subsp. paratuberculosis inoculum used in these studies was shown to be above 90% viable as checked via fluorescein diacetate staining and flow cytometry analysis (20, 48) . Two animals were given an injection of 5 ϫ 10 8 CFU live M. avium subsp. paratuberculosis cells subcutaneously on the neck at day 0.
Vaccine. M. avium subsp. paratuberculosis vaccine (Mycopar) from Fort Dodge Animal Health was used. Mycopar is a whole-cell bacterin containing inactivated M. avium subsp. paratuberculosis bacteria. Mycopar generates a granuloma in vivo, and such a result was used as an example of a tuberculoid-type granuloma. Four animals were injected with 0.25 ml of the M. avium subsp. paratuberculosis vaccine subcutaneously on the neck on day 0.
Granuloma cell isolation. Palpable lesions were present at both live-M. avium subsp. paratuberculosis-cell and vaccine injection sites at 7 days postinoculation and were removed surgically for analysis. Lesions were fixed in liquid nitrogen or formalin or transported fresh in cold RPMI 1640 medium for cell isolation.
Granuloma cells were isolated by mincing granulomatous tissue and digesting it with 0.25% type IV-S collagenase (from Clostridium histolyticum; Sigma) in complete medium for 30 min at 37°C on a shaker. Complete medium is prepared by adding 10% fetal bovine serum, 0.5 mM 2-mercaptoethanol, penicillin G (100 U/ml), streptomycin (100 g/ml), amphotericin B (250 ng/ml), 2 mM L-glutamine to RPMI 1640 medium. Collagenase treatment was followed by gentle homogenization to completely release cells from granuloma. Granuloma single-cell suspension was washed and counted. An amount of 10 6 to 10 8 cells with more than 90% cell viability was the typical yield from a single granuloma. Total granuloma cells were then divided into groups for cell composition analysis and for CD11c ϩ -cell separation.
PBMC lymphocyte isolation. Peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation on Histopaque (1.083 g/ml; Sigma) and were collected from the interphase. In order to isolate lymphocytes to be used in the proliferation assays, total PBMC were plated overnight in tissue culture flasks in complete medium to allow plastic adherence of monocytes. Nonadherent lymphocytes were washed off of the flasks and collected on the second day.
Antibodies, reagents, and flow cytometry. Granuloma cells were incubated with the relevant monoclonal antibody (MAb), anti-bovine CD11c (BAQ153A; VMRD), CD205 (CC98; Serotec), CD14 (M-M8; VMRD), B cell (B-B4, BAQ155A; VMRD), CD4 (CACT138A; VMRD), CD8-␤ (BAT82A; VMRD), MHC-I (H58A; VMRD), MHC-II (TH81A5; VMRD), and anti-human CD68 (EBM11; Dako), which had been diluted in fluorescein-activated cell sorter buffer (phosphate-buffered saline containing 1% bovine serum albumin and 0.05% sodium azide). Proper isotype controls were used at the same concentration as the antibody of interest in the study, including MOPC-31C (immunoglobulin G1 [IgG1]), MPC-11 (IgG2b), G155-178 (IgG2a), and G155-228 (IgM) (BD Pharmingen). Cells were then labeled with fluorescein isothiocyanate-conjugated anti-IgG (Invitrogen), phycoerythrin (PE)-conjugated anti-IgG (Invitrogen), or PE-conjugated anti-IgM secondary antibodies (BD Pharmingen). Labeled cells were fixed in 2% paraformaldehyde and analyzed via flow cytometry. Gates were set based on the forward-and side-scatter profiles. The data were collected and analyzed using CellQuest (BD Bioscience) and FlowJo software (Tree Star, Inc.).
Histology, immunohistochemistry, and lesion scoring. Granulomatous-lesion sections were stained with hematoxylin and eosin (H&E) or reserved for immunohistochemistry staining for CD4, CD68, and CD11c. Cryosections were fixed in either cold acetone (CD11c) or cold ethanol (CD4). Formalin-fixed granuloma lesions were used for the CD68 stain. Mouse anti-bovine CD4 (IL-A11; VMRD), mouse anti-bovine CD11c (BAQ153A; VMRD), and mouse anti-human CD68 (EBM11; Dako), respectively, were used as primary antibodies. The secondary antibodies included biotinylated goat anti-mouse IgG and anti-mouse IgM MAbs. This incubation was followed by treatment with streptavidin-horseradish peroxidase (Zymed) and substrate 3,3Ј-diaminobenzidine and color development.
H&E-stained granulomatous lesions were individually scored using a scoring system adapted from previous publications (17, 21, 55) . Briefly, scores of 0 to 3 were assigned for individual parameters to reflect the degree and organization of that particular parameter within the lesion. A score of 0 indicates that the parameter was absent from the lesion, while a score of 3 indicates a high degree of organization of the parameter in any given lesion. The following parameters were included: mature fibrous connective tissue, macrophages, lymphocytes, multinucleated giant cells, necrosis, and mineralization. Individual parameters were summated, and a single collective score was assigned for each lesion which reflected the histological organization or stage of development of the individual lesion. A saline control site was included as a negative control and was devoid of significant inflammation.
CD11c ؉ -cell isolation. Total granuloma cells were labeled with anti-bovine CD11c MAb (IgM), followed by anti-IgM magnetic beads. CD11c ϩ cells were positively selected by using an automagnetic cell-sorting (AutoMACS) separation column (Miltenyi Biotec). The purity of CD11c ϩ cells isolated by this method was above 90% as confirmed by flow cytometry.
LCM of immunofluorescence-stained frozen tissue. A frozen granulomatous lesion was cut at 6 m and immunofluorescence labeled for CD11c. Alexa Fluor 488 anti-mouse IgM (A21042; Invitrogen) was used as the secondary antibody for this purpose. Green-fluorescence-positive CD11c cells were captured via laser capture microdissection (LCM) and used for RNA isolation. For the isolation of total granuloma cells, all of the immune cells inside granuloma cryosections were captured using LCM. Total RNA from either CD11c ϩ cells or total granuloma cells was extracted by using a PicoPure RNA isolation kit (Molecular Devices). The quantity and quality of the RNA were determined by using NanoDrop ND-1000.
Quantitative real-time reverse transcriptase PCR (qRT-PCR). Possible genomic DNA contamination in the RNA samples was eliminated by using Turbo DNA-free (Ambion). A SuperScript III first-strand synthesis system for RT-PCR (Invitrogen) was used for cDNA synthesis. A Sybr green PCR system (Applied Biosystems) was used in the two-step real-time PCR, and the signal was detected by using a GeneAmp 5700 sequence detection system. Dissociation curve analysis was conducted as an appropriate control for each target gene. The primer sequences, designed by using Primer Express Software (Applied Biosystems), and GenBank accession numbers are listed in Table 1 .
The relative quantification of target gene mRNA was analyzed using the following equation, modified based on the Pfaffl method (30, 38) . ␤-Actin was used as the internal control reference gene. N 0 represents the original copy number. C T is the threshold cycle. N 0 target /N 0 reference ϭ (1 ϩ Efficiency reference ) CT reference /(1 ϩ Efficiency target ) CT target .
PPD antigen-specific CD4 ؉ T-lymphocyte proliferation induced by granuloma CD11c ؉ cells. Isolated CD11c ϩ cells from either vaccine-or M. avium subsp. paratuberculosis-induced granulomas were incubated overnight in medium containing 10 g/ml PPD. PPD-pulsed granuloma CD11c ϩ cells were then added to a 96-well round-bottomed plate. Lymphocytes were separated from PBMC and were labeled with PKH67 green-fluorescent-cell linker (PKH67; Sigma). Amounts of 2 ϫ 10 5 lymphocytes were added to plates with 2 ϫ 10 4 CD11c ϩ cells for a final lymphocyte/DC ratio of 10:1. CD11c ϩ cells and lymphocytes from the same animal were cultured together. As for negative and positive controls, 2 ϫ 10 5 labeled lymphocytes were cultured in medium or medium containing concanavalin A (ConA; Sigma). Cells were kept in an incubator at 37°C, 5% CO 2 for 7 days.
At day 7, lymphocytes were collected and stained with anti-bovine CD4 MAb (CACT138A; VMRD). The proliferation of CD4 ϩ T cells was analyzed by measuring the density of PKH67 fluorescence on the live CD4 ϩ T cells via flow cytometry. Data were collected and processed using CellQuest and Modfit LT software (Verity Software House).
Intracellular cytokine staining. PKH67-labeled peripheral blood lymphocytes that had been cocultured with PPD-treated CD11c ϩ cells for 7 days were harvested and stained for intracellular-cytokine production. Lymphocytes were fixed with 2% paraformaldehyde for 20 min and permeabilized with PermaWash buffer (phosphate-buffered saline containing 0.1% saponin and 0.1% sodium azide) for 10 min. For IFN-␥ staining, permeabilized lymphocytes were incubated with mouse anti-bovine IFN-␥ MAb (7B6, IgG1; AbD Serotec), followed by PE-conjugated anti-IgG secondary antibody (Invitrogen). For intracellular-IL-4 staining, PE-conjugated mouse anti-bovine IL-4 MAb (CC303, IgG2a; AbD Serotec) was used for the direct labeling. Proper isotype controls were included in the assay. Labeled lymphocytes were then fixed again with 2% paraformaldehyde and analyzed via flow cytometry.
ELISA. Supernatants of lymphocyte and granuloma CD11c ϩ cell coculture were collected and analyzed for the secretion of IFN-␥ by enzyme-linked immunosorbent assay (ELISA). A BOVIGAM (bovine IFN-␥ test) kit (CSL Veterinary) was used for the detection of IFN-␥ protein in supernatant. Recombinant IFN-␥ protein (AbD Serotec) was used as a positive control to generate the standard curve.
Statistical analysis. Data are presented as the mean value Ϯ standard error of the mean except where stated otherwise. The software used for statistical analysis and scientific graph generation included JMP 7 (SAS Institute, Inc.) and Graph-Pad Prism 4.0 (GraphPad Software, Inc.). Student's t test and analysis of variance were used for the statistical analysis. Differences were considered significant if the P value was Ͻ0.05.
RESULTS
Morphology and cellular composition of M. avium subsp.
paratuberculosis-and vaccine-induced granulomas. Palpable, firm nodules formed at both vaccine and M. avium subsp. paratuberculosis injection sites by 7 days postinoculation and were removed surgically for analysis. We first set out to determine if early M. avium subsp. paratuberculosis granulomas had type I or II characteristics in subcutaneous infectious sites. Histologies of granulomatous lesions induced by M. avium subsp. paratuberculosis or vaccine are shown in Fig. 1A . Mor- CCR7  ATTTGCTTCGTGGGCCTTCT  CATGGTCTTGAGCCTCTTGAAA  AY834253  CD40  GGGCTTTTGGATACCGTCTGT  AGCAGATGACACGTTGGAGAAG  U57745  CD80  CCATCCTGCCTGGAAAAGTG  GGTTATCGTTCATGTCAGTGATGGT  Y099950  CD86  TGTGTGCAGGCCTTCAACA  CGGCCTTAAGTCCATTTGGTT  AJ291475  IL-10  GCCTTGTCGGAAATGATCCA  ATGTCAGGCCCGTGGTTCT  NM174088  IFN-␥  CAGAAAGCGGAAGAGAAGTCAGA  GCAGGAGGACCATTACGTTGA  M29867  TNF-␣  GCTGGTTGTCTTCCAGCTTCA  CGGTGGTGGGACTCGTATG  NM173966  TGF-␤  CATCTGGAGCCTGGATACACAGT  GAAGCGCCCGGGTTGT  M36271  IL-4  GGAGCCACACGTGCTTGAA  TGCTTGCCAAGCTGTTGAGA  NM173921  IL- phologically, the M. avium subsp. paratuberculosis inoculation site consisted of a nearly diffuse infiltration of macrophages intermixed with widely scattered lymphocytes. In contrast, granulomas from vaccine sites had a higher degree of organization, including nodular arrangement of macrophages, discrete collections of perivascular lymphocytes, and fibrous tissue delineation around macrophage aggregates. Lesions were scored based on individual parameters, including fibrous tissue delineation, macrophage infiltrates, and lymphocyte organization. Individual parameters for each lesion were added for a cumulative score, with higher scores corresponding to higher organization. Low-scoring granulomas correlate with type II granulomas, while high-scoring granulomas correlate with type I granulomas. At 7 days postinoculation, there was a trend for M. avium subsp. paratuberculosis granulomas to have a lower score than the vaccination site granulomas (Fig. 1B) . The organization of vaccine, but not M. avium subsp. paratuberculosis, granulomas increased with time (data not shown). In addition, the individual-parameter scores were significantly lower in M. avium subsp. paratuberculosis granulomas, including scores for fibrous tissue delineation and lymphocyte organization (data not shown). We next set out to determine the cellular composition of M. avium subsp. paratuberculosis-and vaccine-induced granulomas. To accomplish this, total granuloma cells were isolated from granuloma digests and the phenotypes were determined via flow cytometry based on surface marker expression. There were significantly fewer CD11c ϩ CD205 ϩ cells (DC), CD14 ϩ CD68 ϩ cells (macrophages), and CD4 ϩ T lymphocytes in the M. avium subsp. paratuberculosis-induced granulomas than in the vaccine granulomas (P Ͻ 0.05, Fig. 2A) . The presence and the number of CD11c ϩ cells, macrophages, and CD4 ϩ T cells were further confirmed by immunohistochemistry staining (Fig. 2B) . The staining frequencies for these cells correlated with the percentages determined by flow cytometry.
Cytokine gene expression in M. avium subsp. paratuberculosis and vaccine granuloma cells. To better understand the cytokine microenvironment within granulomas, we used LCM to recover total granuloma cells from granuloma cryosections. In these cells, we used qRT-PCR to evaluate the levels of gene paratuberculosis-induced granulomatous lesions expressed significantly lower levels of IFN-␥, TNF-␣, and transforming growth factor ␤ (TGF-␤) than the cells from vaccine-induced granulomas (P Ͻ 0.05; Table 2 ). Both M. avium subsp. para-tuberculosis and vaccine granuloma cells had low levels of IL-4 expression. All data were normalized to the data for internal control ␤-actin, which was expressed at similar levels within both sets of tissues. Phenotypic features of granuloma CD11c ؉ DC. In order to explore the role of antigen-presenting cells within the granu- loma, we recovered CD11c ϩ cells from granuloma digests using an AutoMACS column. Isolated CD11c ϩ cells were evaluated for surface markers associated with an expected DC phenotype. As shown in Fig. 3 , granuloma CD11c ϩ cells expressed low levels of CD14 and medium to high levels of MHC-I and MHC-II molecules, which were independent of the inoculation status. These cells were also positive for CD205 expression (data not shown). This pattern of surface marker expression is consistent with the phenotype reported for bovine DC (23, 25) and DC phenotypes in other species (4, 13, 25, 36) .
To analyze the maturation of granuloma DC, LCM was used to capture immunofluorescently labeled CD11c ϩ cells from granuloma cryosections and the levels of gene expression of costimulatory molecules (CD40, CD80, and CD86) and chemokine receptor (CCR7) were determined via qRT-PCR. M. avium subsp. paratuberculosis granuloma DC had significantly lower levels of CD40, CD80, CD86, and CCR7 gene expression than the vaccine granuloma DC. This suggests limited DC maturation within the M. avium subsp. paratuberculosis granuloma relative to DC maturation within the vaccine granuloma (Fig. 4A) .
Function of granuloma CD11c ؉ DC. To assess the function of DC within the granulomas, the cytokine production and ability to induce CD4 ϩ T-cell proliferation of granuloma DC were evaluated. We measured cytokine gene expression in LCMrecovered CD11c ϩ DC. DC from M. avium subsp. paratuberculosis granulomas expressed significantly lower levels of IL-10 and IL-12p40 subunit than vaccine granuloma DC (Fig. 4B) . To explore antigen presentation, we measured the antigenspecific proliferation of autologous peripheral blood T cells cultured with DC. The DC were recovered from granuloma digests by using an AutoMacs column. Similar numbers of CD4 ϩ T cells were recovered from peripheral blood from vaccinated and M. avium subsp. paratuberculosis-inoculated animals, which responded similarly to ConA (data not shown and Fig. 5B ). Initially, equal numbers of lymphocytes were added to granuloma CD11c ϩ DC cultures; thus, we started with approximately the same number of CD4 ϩ T cells for each a Cytokine gene expression in total granuloma cells from M. avium subsp. paratuberculosis or vaccine inoculation sites at 7 days postinoculation. Total granuloma cells were isolated from H&E-stained cryosections using LCM, and cytokine gene expression was determined by qRT-PCR. ␤-Actin was used as an internal control for the assay and was expressed at similar levels in both tissues. Target gene mRNA expression was normalized to ␤-actin mRNA within the same tissue. Means Ϯ standard errors of the means of results in arbitrary units are shown. Data were generated from two M. avium subsp. paratuberculosisinoculated animals and four vaccinated animals.
b P values of Ͻ0.05 were considered to be statistically significant.
FIG. 3. Surface marker expression on CD11c ϩ cells recovered from M. avium subsp. paratuberculosis-induced or vaccine-induced granulomas. CD11c ϩ cells were isolated from granuloma digests by using an AutoMACS column. CD11c ϩ cells were then immunofluorescently labeled for CD14, MHC-I, and MHC-II, and labeling was measured by flow cytometry. Surface marker expression is shown in gray, and isotype antibody control is in black. Mean fluorescent intensity (MFI) is listed for each surface marker. Flow cytometry histograms are representative of results for two M. avium subsp. paratuberculosis-inoculated animals and four vaccinated animals. (Fig. 5A) . In contrast, at 7 days 26.5% of the lymphocytes cultured with M. avium subsp. paratuberculosis granuloma DC were in the proliferated population. The combined data from all animals are shown in Fig. 5B .
To evaluate the ability of DC to polarize proliferating T cells, IL-4 and IFN-␥ production by lymphocytes cocultured with granuloma DC was determined by intracellular staining and flow cytometry. In addition, IFN-␥ was measured in culture supernatants by using a commercially available ELISA.
Approximately 18% of total lymphocytes were in the PKH67 dim IL-4 ϩ population after culture with the vaccine granuloma DC (Fig. 6A) . In contrast, M. avium subsp. paratuberculosis granuloma DC did not induce significant IL-4 production. The proportions of IFN-␥-producing lymphocytes in the proliferative population (PKH67 dim ) were similar in both vaccine and M. avium subsp. paratuberculosis granuloma DC treatments (Fig. 6B) . Supernatants from vaccine DC-lymphocyte cocultures contained significantly higher levels of IFN-␥ than those from M. avium subsp. paratuberculosis granuloma DC-lymphocyte cocultures (P Ͻ 0.05). There is a disparity between the lymphocyte intracellular staining and ELISA results with respect to IFN-␥. In these cultures, we would identify some degree of IFN-␥ from nonproliferated cells (PKH67 bright ), as well as production of IFN-␥ by CD4-negative cells. These contributions would account for the levels of IFN-␥ in the culture supernatants being higher than those in the intracellular staining and indicate that, overall, vaccine granuloma DC induced the highest levels of IFN-␥ production and secretion.
DISCUSSION
A fundamental step in the pathogenesis of disease caused by M. avium subsp. paratuberculosis is the formation of lepromatous or type II granulomas within the intestine during the late stages of infection. This provides an environment for nearly unrestricted pathogen proliferation and facilitates shedding of M. avium subsp. paratuberculosis into the environment. Although our understanding of the immunopathology of late disease is more complete, we have a very limited understanding of the early events within the intestine after exposure to M. avium subsp. paratuberculosis. In cattle, it has been difficult to identify M. avium subsp. paratuberculosis or intestinal granulomas within the first few months after experimental oral infection. It has been reported that the initial immune response following exposure to mycobacterial pathogens, including DCpathogen interactions, is critical in generating sustained protective immunity (9) . DC have recently been shown to be critical to granuloma formation within the intestine, and therefore, DC are likely have a key role in the generation of local protection to M. avium subsp. paratuberculosis during the initial period after infection (28) . By understanding the early events in granuloma development after subcutaneous exposure to M. avium subsp. paratuberculosis, we believe we gain some insight into the local immune response during this early period within the intestine. In this study, we compared subcutaneous granulomas that developed in response to M. avium subsp. paratuberculosis to those that developed in response to an inducer of type I granulomas, focusing on granuloma formation in relation to DC function. To induce type I granulomas, we used a commercially available M. avium subsp. paratuberculosis vaccine that induces strong cell-mediated immune responses both at the inoculation site and systemically. It has a field efficacy that is reported to be as high as 90% (54) . It is likely that the success of this vaccine is, in part, due to the strong local immune response it induces at the inoculation site.
In this study, the early M. avium subsp. paratuberculosis granulomas lacked features of a type I granuloma, including nodular arrangement of macrophages, fibrous delineation, and In contrast, the vaccine site had these type I features, which became progressively more prominent with time. It is plausible, based on these findings, that the granulomatous response that initially develops in the intestine at the M. avium subsp. paratuberculosis infection site also lacks morphological features of protective type I granulomas. CD4 ϩ T cells have been shown to be important in the development of granulomas during mycobacterial infection, including the development of the strong local Th1 immune responses required for granuloma function (16, 27, 32, 37) . The levels of CD4 ϩ T cells were significantly lower in the M. avium subsp. paratuberculosis granulomas than in the vaccine granulomas. DC are more-recently recognized as an important cellular constituent of the granuloma. We are beginning to understand that DC within the granuloma participate in granuloma development and function through their ability to recruit inflammatory cells, present antigen to infiltrating T cells, and migrate to draining nodes (34, 53) . Long-term latency has been shown to be associated with DC interaction with organized lymphoid tissue within and adjacent to pulmonary M. tuberculosis granulomas (53) . Reduced numbers of DC within the M. avium subsp. paratuberculosis granulomas suggest potential limitations in these activities that optimally would drive type I granuloma formation. TNF-␣ and IFN-␥ are essential cytokines in developing and sustaining granuloma morphology and function (42, 44) . In the current study, low levels of IFN-␥ are likely related to fewer CD4 ϩ T cells within the M. avium subsp. paratuberculosis granuloma. CD4 ϩ T cells are major contributors to IFN-␥ production at sites of mycobacterial infection, which is one mechanism by which they support pathogen control locally (16) . It has been shown that TNF-␣-deficient mice infected with M. tuberculosis cannot clear the infection and die due to widespread bacterial dissemination. Importantly, the granulomas in TNF Ϫ/Ϫ mice infected with M. tuberculosis were poorly organized (3, 26) . Considering the effects of TNF-␣ on the cytokine and chemokine cascades and cellular infiltration and organization, a low level of TNF-␣ gene expression early in M. avium subsp. paratuberculosis infection may contribute to a lack of granuloma organization. The relatively high levels of expression of TGF-␤, IL-4, and IL-10 in the vaccine granulomas are consistent with a local host response to limit excessive inflammation. These cytokines coincided with a high level of IFN-␥ within the granuloma, which has been shown to play an important regulating role in granulomas through negative-feedback mechanisms (8) .
To better understand the influence of DC on granuloma formation, we explored the phenotypes of CD11c ϩ DC isolated from vaccine and M. avium subsp. paratuberculosis granulomas. DC costimulatory molecule and chemokine receptor expression levels were significantly lower in the DC recovered from M. avium subsp. paratuberculosis granulomas. However, MHC-I and MHC-II expression levels were similar for DC from both granuloma types. One explanation for this observation is that the DC from the M. avium subsp. paratuberculosis granuloma had undergone some degree of maturation, but not the full maturation of the vaccine granuloma DC. Incomplete maturation of DC has been reported for DC infected with mycobacteria, as well as bystander DC in vitro (10, 29, 31). We (41) . This suggests that the ability of vaccine DC to traffic to lymphoid tissues is stronger than that of DC from M. avium subsp. paratuberculosis granulomas. Vaccine granuloma DC had the strongest ability to induce T-cell proliferation. This corresponds to higher levels of gene expression of costimulatory molecules and proinflammatory cytokines and suggests that the antigen presentation capability is stronger than that of the DC from the M. avium subsp. paratuberculosis granulomas. We used autologous peripheral blood lymphocytes as the T-cell source, and proliferation was likely due to both naïve and memory T-cell stimulation. We consider the T-cell proliferation at 7 days postinfection to consist largely of naïve T cells, with a smaller contribution from memory T cells. Equal numbers of CD4 ϩ T cells were recovered from vaccine-and M. avium subsp. paratuberculosis-challenged animals, each with similar and strong proliferative responses to ConA. This suggests that M. avium subsp. paratuberculosis infection did not overtly interfere with systemic CD4 ϩ T-cell responses in these animals and that DC function was the major contributor to differences in T-cell proliferation. These data point to DC from within the M. avium subsp. paratuberculosis granuloma as having a diminished ability, in comparison to that of vaccine granuloma DC, to successfully present antigen. The enhanced T-cell proliferation induced by vaccine granuloma DC was associated with higher levels of gene expression of IL-12p40 by these DC. IL-12 is important in driving T-cell polarization and proliferation by DC (56) . Another factor that may account for the lower number of CD4 ϩ T cells after their culture with DC from the M. avium subsp. paratuberculosis animals is increased T-cell death. The signal between CD28 on T cells and CD80 and CD86 on DC has been shown to be critical in preventing T-cell death (7, 33) . Thus, it is possible that CD4 ϩ -T-cell death may relate to the lower levels of costimulatory-molecule expression on the M. avium subsp. paratuberculosis granuloma DC.
In summary, subcutaneous M. avium subsp. paratuberculosis or vaccine administration resulted in the formation of distinct granulomas with unique cellular and cytokine profiles. Importantly, vaccine granulomas had higher numbers of CD4 ϩ T cells and DC with increased expression of both TNF-␣ and IFN-␥. These differences corresponded to significant differences in the phenotypes and functional responses of DC from within the granuloma. Specifically, the DC from the M. avium subsp. paratuberculosis granulomas had lower levels of expression of costimulatory and chemokine receptors, suggesting lim-ited maturation. This DC phenotype was associated with lower T-cell proliferation. Taken together, these findings suggest that M. avium subsp. paratuberculosis infection in vivo influences DC function, which may further shape the developing granuloma. We acknowledge that differences in the components of the inoculum (adjuvants, etc.) influence the local immune response and, consequently, we do not assign all granuloma attributes to DC function. However, we believe this work demonstrates important DC characteristics that coincide with the induction of protective immune responses to M. avium subsp. paratuberculosis. This may provide insight into how sustained protection against M. avium subsp. paratuberculosis fails at the local innate level during natural disease.
